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Introduction
Although man has inhabited the earth for a million years, his impact on it was small and localized until the time of the Industrial Revolution. Since then, both the human population and the per capita impact have increased dramatically. During this period of rapid change man tended to look on the earth's resources as unlimited and their exploitation as a challenge to his ingenuity.
Only in very recent years has it become generally realized that the earth's resources are finite and that, if present trends continue, many of the nonrenewable resources will be used up within a few generations. Even the renewable resources are being taxed severely. More natural lands are being converted to agricultural use; more fertilizers and pesticides are being used; more dams and irrigation canals are being built. The building of roads, airfields, and new urban areas also take their toll of the natural lands still remaining on the earth. The concern of many people is that our actions are not only driving many animals into extinction, and causing pollution which is offensive to all of our senses as well as our health, but may ultimately lead to the destruction of life on this planet.
Since almost every action of man has some harmful effect on the natural environment we must, if we are to preserve it, try to minimize this environmental damage. This will require a far better understanding of the interrelationships between all forms of life and their environments. To achieve this end future research in the fields of agriculture, forestry, wildlife management, resource development, etc. will need to take a more holistic, integrated approach than in the past.
tific Unions, of the International Biological Programme. The theme was to be The Biological Basis of Productivity and Human Welfare. The First General Assembly of the IBP was held in Paris in 1964 and the following timetable was adopted: Phase I - Planning and Preparation (1964-1967) ; Phase I1 - Operations (1967 Operations ( -1972 . Subsequently, there was the creation of a Phase I11 - Synthesis and Transfer (1972-1974) . The IBP was organized into seven general sections: Productivity Terrestrial (PT) , Production Processes (PP) , Conservation Terrestrial (cT), Productivity Freshwater (PF), Productivity Marine (PM), Human Adaptability (HA), and Use and Management (UM) .
Throughout the world over 2000 re~earch projects were in operation under the seven sections of the IBP. In Canada, the major IBP projects inc1ude.a grassland ecosystem study in southwestern Saskatchewan -Matador Project (PT, PP), a high arctic tundra study -Devon Island Project (PT) , and a freshwater lake study in southwestern British Columbia -Marion Lake Project (PF).
The Matador Project
The Matador Project was initiated in 1967 by a group of University of Saskatchewan scientists with the aim of studying all pertinent aspects of the mixedgrass prairie ecosystem as found in the Matador area (Fig. 1 ). This area is one of the last extensive (15-20 mi2) uncultivated areas of arable clay soil in the Canadian Prairies. It was formerly part of the Matador Ranch and in recent years has been used as a community cattle pasture. The vegetation and soil are uniform over most of the study area (three sections in the south-central part of the block), and the terrain is relatively level (Fig. 1 ) .
Some of the reasons for choosing a natural ecosystem for this study were: 1. The ecosystem is presumably in a "steady-state" condition; 2. The natural area is a logical reference with which to compare adjacent agricultural areas; 3. It may be used as a "bench-mark" area to assess environmental change. Initially, it was hoped that parallel studies of the native grass and adjacent wheat and seeded pasture could be carried out. Resources proved to be inadequate for this, however, and work was confined mainly to the native prairie with some comparison studies being carried out in nearby wheat fields.
The Matador Project involves integrated research carried on by close to one hundred persons under the direction of about two dozen scientists. The fields of research may be loosely divided into Producers (green plants), Consumers (invertebrates, small mammals, birds), Decomposers (microorganisms), and Abiotic Factors (meteorology, soil physics, nutrient cycling).
Studies include: regular (approximately every two weeks during the summer, less frequently during other seasons) biomass determinations for each of the major plant and animal species on the site; continuous monitoring of the atmospheric and soil environment; field and laboratory experiments to determine the ecosystem interactions and environmental responses; and development of a computer model to integrate all of the information obtained into a usable form. 
Meteorological studies a General
An organism responds to its immediate spatial environment and not to that at some remote location (e.g., in a Stevenson Screen). Therefore, it is necessary, in an ecosystem study, to determine the meteorological conditions throughout the biosphere as functions of time and space and to apply to each organism the microclimate determined by its location. , The approach to environmental specifications in this study was to :
( 1 ) Record the actual macroclimate for the duration of the Project, (2) Relate the macroclimate in the Matador area to that at adjacent long-term stations, ( 3 ) Determine topoclimatic variations over the study area, (4) Relate the atmospheric and edaphic microclimates in the biosphere to the macroclimate and vegetation and soil properties. To meet these ends (and others to be detailed later) two separate meteorological measurement facilities were established at Matador: a permanent yearround "climatological station"; and a trailer-based micrometeorological station.
The climatological station was established at Matador ( Fig. 1 ) in the spring of 1968 and has been in year-round operation since then. The location (about 200 m north of the laboratory and administration buildings) was chosen because of accessibility (particularly during the winter) for the taking of manual observations and the repair and maintenance of automatic instrumentation. The climatological station was enclosed by a barbed-wire fence for the protection of the sensors.
A network of twenty (non-recording) rain gauges and minimum thermometers was set up with the aim of investigating differences in temperature and rainfall over the Matador study area. These instruments were read daily during the summer season.
Certain manual measurements are taken once daily (near sunset). These include reading of the maximum and minimum thermometers, cup-counter anemometers, and precipitation gauges, changing the sunshine card, and servicing the evaporation pan.
Automatically logged measurements include incoming and reflected shortwave radiation and net all-wave radiation at a height of 2 m above the ground; rainfall; wind speed and direction ( 10-m height) ; screen dry-bulb, wet-bulb, and dew-point (Dewcel) temperatures; soil temperatures (at depths of 5, 10, 20, 50, 100, and 200 cm); and air temperatures at heights of 2, 5, 7.5, 10 l ? 25, and 50 cm above the ground. All temperature sensors were constructed of copper-constantan thermocouples. The above-ground sensors were aspirated and were lagged to increase their time-constants to 1-2 min.
In addition to the regular radiation sensors two photocells were mounted on small posts in the vegetation at heights of 10 and 20 cm above the ground, with a reference photocell at 2 m. These measure the light levels under the snow. This is of interest particularly in the spring and autumn when some vegetation growth may take place when the ground is covered with snow.
A 24-point chart recorder is used for all temperature measurements (scale -50 to +50°C) and for radiation and light measurements (-5 to +20 mV). This recorder is fitted with a shaft encoder and outputs onto a teletype machine (punched tape and print-out) as well as providing the regular chart record.
Because the sampling rate of the recorder (1 cycle in 5 min) is too slow for the short time-constant radiation sensors (about 30 s), electronic integrators are used to continuously sum the outputs of the radiation sensors. The digital outputs of the integrators are connected to a counter system having an hourly printout.
Wind speed and direction are recorded continuously on a separate chart recorder.
b Radiation and Sunshine
The ultimate source of almost all of the energy used in biological processes is, of course, the sun. Although only a few per cent of the incident solar energy is used directly (as in photosynthesis) the remainder is converted to heat to provide suitable temperatures for organisms and to power such processes as atmospheric diffusion, convection, evaporation, etc. Although the solar energy at the limit of the earth's atmosphere is a well known function of astronomical geometry, the fraction of it that reaches the surface varies considerably because of absorption, reflection, and scattering by the atmospheric gases, particulate matter, and clouds. As mentioned above, continuous measurements are made at Matador of incoming short-wave (global) radiation, reflected short-wave radiation, and net all-wave radiation. The net radiation is the main input for the surface energy balance. Photosynthesis is a function of the visible light intensity (about one-half of the global radiation). Some useful quantities which may be derived from the above radiation measurements are the reflection coefficient (or albedo) of the surface (equal to the ratio of reflected to global radiation), and the net long-wave exchange (equal to net all-wave minus net short-wave) .
An analysis of mean monthly albedo for Matador for the period July, 1969 , to March, 1970 , shows a near-constant pattern for the summer months with a value of 0.15 at midday increasing to 0.20 at sunrise and sunset. The presence of snow cover produces a dramatic increase in albedo. The months, January to March, 1970, during which the snow cover was continuous, showed a midday albedo of about 0.78 dropping to about 0.70 at sunrise and sunset. The apparent decrease in albedo of the snow cover at low solar angles is, as yet, unexplained. It is hoped that further observations will show whether this is a real phenomenon or the result of instrument errors (frost formation or temperature effects).
The importance of the solar radiation reaching the earth's surface and the scarcity of direct measurements has encouraged the search for correlations be- tween global radiation and other possibly related available data (such as hours of sunshine). A preliminary analysis of the Matador radiation and sunshine data has produced the following Angstrom-type relation: Baier and Robertson (1965) , and even better with the values of 0.23 and 0.57 estimated by Selirio et al. (1971 ) . The above Matador regression was based on less than 2 years' data. As more data are collected they will be subjected to further, more detailed analysis.
c Canopy Temperatures
Because most of the radiant energy exchange takes place at or near the surface this is the region of greatest diurnal temperature variation. The diurnal wave diminishes in amplitude and lags in phase away from the surface both in the atmosphere and in the soil. A summary of the diurnal variation of mean monthly temperatures at numerous levels in the soil and atmosphere is presented in Fig. 2 for the months of February, May, August and November, 1971. The vegetation has an effective height of about 20 cm and varies only slightly from season to season. During February the snow depth was about 20 cm all month and temperatures were close to -7.5 OC both in the snow and in the top layers of soil. The diurnal temperature range ( 5 to 10 deg. C ) was greatest at the surface of the snow. A warm spot about 5 cm above the ground during the afternoon and evening was likely due to penetration of solar radiation through the snow. The snow cover disappeared in early April and by mid-May the soil had coolest above the level ~urface was about at about 10 cm 1300 above CST the (approximately surface. The difference solar noon) is undoubtedly while the warmed to + 10°C at 15 cm. The warmest level in May was close to 5 cm due to the geometry of the radiation exchange coupled with night-time reduction of turbulence and radiative flux divergence effects. The maximum diurnal range in May is about 25 deg. C. This range increased to 30 deg. in August when the mean canopy temperature at 5 cm exceeded 40°C. The penetration of the diurnal wave into the soil and its time lag is particularly noticeable on the Auguct chart. By November, the low solar angle had reduced the diurnal variation to about 10 deg. C . With only a trace of snow on the ground most of the month the coldest and warmest levels were much the same as they were during the summer. -growth of vegetation. The soil is recharged with water at the time of the spring thaw, and combined with the heavier rainfall during June and July, this provides sufficient moisture for early summer growth. From August onwards the soil dries out and is usually quite dry at the time of freeze-up. Because of this, the next year's snow melt is able to infiltrate rapidly into the soil, thus completing the cycle. At Matador, spring infiltration is further assisted by the many cracks which develop in the clay soil as it dries out in the late summer. A plot of the variation in mean daily soil temperatures at a number of depths during the 1970 spring thaw at Matador is presented in Fig. 3 . The warm-up covered a period of abcut 10 days near the surface with only a few hours lag between the 5-and 10-cm levels. The 20-cm level lagged by about three days with the 100-cm change close behind. The rapid change at the lower levels indicates that the warming was likely a result of rapid infiltration of liquid water, probably down cracks. The 100-cm temperature rose from -2°C to +1 "C in two days.
e Wind
The vegetation microclimate is influenced to a considerable extent by the wind field near the surface. On windy days the spatial and temporal contrasts are much less than on correspondingly calmer days. The mean wind speed (at 10-m height) of 4.4 m/s at Matador does not vary a great deal with season but there is a considerable diurnal variation, mainly during the summer, due to convection. The mean April to November diurnal range has a low of 3.7 m/s about dawn and a high of 6.2 m/s in the early afternoon. The mean wind speed is higher than 10 m/s about 5 percent of the time but only rarely exceeds 20 m/s.
f Precipitation The diurnal variation of summer rainfall for the period 1969-71 is shown in Fig. 4 (a) . The distribution is fairly uniform over the day except for a slight drop about midday and some evening peaks due to convective storms. Fig. 4 (b) shows the distribution of individual rainstorms into total amount classes. Since a near constant amount of each rainstorm is intercepted by the vegetation and top layer of litter and soil and re-evaporated without ever being available for use by the vegetation, the effective rainfall is highly dependent on rainstorm amount. On the one hand very light rainfalls never reach the plant roots because of return to the atmosphere by evaporation, while on the other, heavy rainfalls result in water loss by runoff. The time of occurrence is also important as regards loss because of the diurnal variation of evaporative demand. With reference to Fig. 4(b) about one-third of Matador's rainfall occurs in storms of less than 10 mm; another third in the range of 10-20 mm; and the remainder in storms of greater than 20 mm total.
The importance of the contribution of snow melt to the replenishment of soil water reserves in the Prairies has been mentioned earlier. The amount 06 recharge depends on the water equivalent of the snow pack at the time of melt, the infiltration characteristics of the soil, topography, and the rapidity of thc thaw. Although no hydrolo_gical studies have been carried on at Matador some of these factors have been measured and estimates can be made of the others.
While winter snow depth appears to be relatively stable in the 20-30 cm range snow density increases through the winter. In 1970, for example, the density was 0.18 on 14 January, 0.22 on 10 February, and 0.32 on 26 March. At the time of the thaw that year (first week in April) the water equivalent of the snow pack was 98 mm which is approximately one-quarter of the total annual precipitation.
In 1971 the water equivalent just before the thaw was 86 mm. Soil moisture measurements (by the neutron scattering method) before and after the thaw show an overall increase of about 100 mm in the profile. The two measurements were taken in different areas and the discrepancy could be due to variation in snow pack depth or density or to surface flow of the melt water.
g Network Measurements
Snow depths were sampled in a uniform grid of 100 points on Section 16 (Fig.  1 ) in late March 1969. The mean snow depth was found to be 39.2 cm with a standard deviation of 5.3 cm. The spatial variation was quite complex with individual depths ranging from 27 to 47 cm. However, no correlation could be found with topography.
The mean of the three summers' rainfall at the network stations is displayed in a map in Fig. 5 ( a ) . The climatological station, shown in the upper right-hand corner, was used as a reference and rainfall at the other locations recorded as percent deviations from that at this station. Considerable variation was found in the rainfall pattern from month-to-month and year-to-year. The only permanent feature was the decrease towards the river breaks. There is a sharp drop of about 500 feet towards the south with coulees extending northwards at several points. Most of the experimental work was carried on away from the river breaks and the annual precipitation varied less than a few percent within this area.
The deviation of grass minimum temperatures over the study area from the screen minimum temperature is shown in Fig. 5(b) . At the climatological station the grass minimum (5 cm above the ground) averaged about 3.5 deg. C cooler than the screen minimum. Other parts of the study area were as much as 5 deg. cooler. Again, the river breaks had a large effect with warmer night-time temperatures than elsewhere (by several degrees C ) . This was presumably due to the greater mixing in these areas caused by orographic circulations.
Micrometeorology
The micrometeorological studies at Matador have two major aims: ( 1 ) to take detailed measurements of the canopy and soil microclimate and to relate these to the macroclimate and canopy properties; (2) to determine the fluxes of momentum, heat, water vapour, and carbon dioxide in the surface boundary layer and to relate these to macrometeorological factors, plant microclimate, soil and plant water status, etc.
Whereas the climatological station was designed to operate on a year-round basis, the micrometeorological studies were carried out only during the growing season and had numerous gaps due to severe weather, calibration, instrument repair, etc.
The field layout for the micrometeorological studies carried out in the summer of 1971 is shown in Fig. 6 . The data-acquisition system was housed in a 30-ft trailer located at point H in Fig. 6 with the general location shown as point M in Fig was chosen so as to have a satisfactory fetch of at least 2 km in all directibns. The psychrometer mast (Location A, Fig. 6 ) has five aspirated resistance thermometer psychrometers arranged at logarithmic height intervals up to 160 cm above the estimated zero-plane. It was designed to permit manual rotation about a vertical axis so it could be faced into the wind, and it also rotated automatically about a horizontal axis several times a day to bring all psychrometers to the same level for comparison.
The canopy temperature was measured at heights of 2, 5, 7.5, 10, 15, 20, 35 , and 50 cm above the ground. The gas sampling and dry-bulb temperature mast is shown in Fig. 7 . Half-inch copper tubing was used to carry the air from the six heights (30, 50, 90, 170, 330, and 650 cm) back to the instrumentation trailer for carbon dioxide and water vapour analysis. The copper tubes were heated to prevent condensation. Other instrumentation included soil heat-flux plates and temperature probes, anemometer mast, leaf thermocouples, windvane, rain gauges, and Stevenson Screen. All sensors were ultimately fed into a 200-channel (in a three-wire configuration) digital data acquisition system. The system was programmed to scan the sensors once every three minutes and to record the readings on magnetic tape. The carbon dioxide and water vapour profiles were also monitored on a stripchart recorder.
The field data are processed on the University's IBM 360 computer. The raw data tape (7-track, low density) is checked and re-recorded by the computer on a 9-track, high-density tape. There it is converted to proper units and summarized for half-hour periods by special programs Summary I and Summary 11. Then a Plot program is used to plot profiles of wind speed, temperature, and humidity for examination. Decisions are then made as to the best periods for further analysis and these are then run through program Fluxes which computes the desired fluxes by energy-balance and aerodynamic theoretical techniques. An actual Calcomp plotter output is shown in Fig. 8 . This is for the 4 August 1970 and shows the wind speed and direction at the top of the figure with global and net radiation, soil heat, sensible and latent atmospheric heat fluxes beneath. The first 3 fluxes are positive downwards and the other two positive upwards. No carbon dioxide measurements were taken during 1970. It is interesting to Global solar and net (all-wave) radiation and soil heat flux were measured directly, while the sensible and latent heat fluxes were calculated from temperature and humidity profiles using the energy-balance approach.
note the near equality of the sensible and latent heat fluxes (H and L ) in Fig. 8 except during the evening when the sensible heat flux drops off much more rapidly than the latent heat flux. At this time of year the vegetation was likely just beginning to feel some moisture stress after well above normal early summer precipitation. There is what appears to be a slight "mid-day depression" in the latent heat flux. The soil heat-flux curve shows a peak about noon at which time its value was about one-quarter that of the net radiation. Through analysis of plots of the fluxes, as in Fig. 8 , over the growing season it will be possible to learn a great deal about the response of the vegetation to the environmental variables (such as radiation, temperature, soil moisture and wind) ..
Synthesis and modelling
A considerable amount of work remains to be done in regard to explaining the behaviour of the biological components of the ecosystem in terms of each other and the environmental variables. Sufficient data are now available to permit most of these studies to be carried out. Some supplementary information will have to be provided by laboratory studies.
The main effort of the Project is now being directed towards the development of a computer model of the ecosystem. This will incorporate all of the interactions revealed by the experimental work and will be verified using both the field and laboratory data.
A program for a weather simulation submodel has been written. It is based on air mass trajectories and persistence, and will be used to provide the driving variables for the ecosystem model. With the weather simulator, realistic daily weather can be generated for any period of time. By adjustment of parameters extreme conditions can be simulated (such as climatic change, which might be induced by atmospheric pollution).
Development of a computer model of something as complex as a natural ecosystem will have to be done over a period of years. There are severe limitations because of our inadequate knowledge of many component interactions; because of the great difficulties in measuring even the biomass of many organisms; and because present-day computer hardware and software are inadequate to deal with any but the most simplistic ecosystem models. It is expected that the simple model produced at this stage will be only a beginning and that it will be improved and extended as more information and more powerful computers and computational methods become available.
The use of even a simple ecosystem model will permit assessment of the effects of both natural variations and, in particular, of man-induced perturbations on all of the components of the ecosystem. Instead of looking at only one or two items we will be able to examine every pertinent aspect. Instead of only short-term responses we will be able to study effects after decades or longer. The total-ecosystem computer model holds the promise of providing an effective tool with which man can assess the impact of his actions on natural environments. It is hoped that this additional information will lead toward a wiser utili-
